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Summary.-A method for testing organic chemicals for their carcinogenic potential
is described. Baby hamster kidney cells (BHK-21/C 13) were exposed to different
doses of test compound in liquid tissue culture medium containing rat liver post-
mitochondrial supernatant and cofactors (S-9 mix) to aid metabolism, but without
serum. Survival ofcells following exposure to the compound was assessed by cloning
in liquid growth medium. Transformation was assessed by colony growth in semi-
solid agar. The dose-response curve for survival was used to determine the LC50
of the compound. A dose-response curve for transformation was constructed and
a 5-fold increase in transformation frequency at the LC50 was regarded as a positive
test result.
The method may also be used for testing gaseous compounds. Cells grown in
monolayers and overlaid with serum-free medium and S-9 mix were exposed to
vinyl chloride gas mixed with air. After exposure, the treated cells were trypsinized,
resuspended in growth medium, and survival and transformation assays performed.
The methods described are illustrated by examples taken from an evaluation
studyusing 120 compounds and found to be morethan90% accurate in distinguishing
between carcinogens and non-carcinogens.
THE use of in vitro transformation as a
rapid test to detect carcinogenic chemicals
has been proposed as a result of the many
investigations into mammalian cell trans-
formation. When used as a short-term
testing procedure, some of the constraints
placed upon extrapolation of in vitro
results in relation to in vivo carcinogenesis
need not be regarded as relevant. What is
required is a high degree of correlation
between carcinogenicity in mammals and
the end point ofthe test procedure. Ofthe
testing methods used, some have produced
transformation following exposure of pri-
mary or secondary mass cultures to the
compounds for long periods oftime, there-
by allowing selection ofresistant variants.
Other methods have included aneuploid
cell lines. Di Mayorca et al. (1973) and
Mishra and Di Mayorca (1974) have
proposed the use ofstandardized cell lines,
short exposure to the chemical being
tested and plating in soft agar to assess
malignant transformation. Plating effi-
ciency of treated cells was assayed in
liquid culture so that the transformation
frequency could be calculated by reference
to surviving cells. This method has been
modified to include metabolic activation
of the test compound by rat liver post-
mitochondrial supernatant (Ames, Mc-
Cann and Yamasaki, 1975).
The methods described in this paper are
illustrated by examples taken from an
evaluation study of several short-term
tests to detect carcinogens (Purchase et al.,
1976).
MATERIALS AND METHODS
Cells
BHK-21/C1 13 (baby Syrian hamster
kidney, fibroblast-like morphology) were used
to test compounds.
PyY (polyoma-transformed BHK-21/Cl 13CARCINOGENICITY TESTING IN VITRO
cells) and Hela (human tumour) were used to
check the agar method.
The cells were obtained from Flow Labora-
tories Ltd, Irvine, Scotland; and Gibco-
Biocult Ltd, Paisley, Scotland.
Media.-For cell growth and maintenance,
the medium used was Dulbecco's modifica-
tion of Eagle's medium containing 10% calf
serum, 200 u/ml penicillin, 200 ,ug/ml strepto-
mycin, 200 ,ug/ml kanamycin and buffered
with 0.44% sodium bicarbonate at pH 7-3.
Cultures were gassed with 10%/ CO2: 90%
air (Hela) or 20%/ CO2: 80% air (BHK-21/C1
13 and PyY).
Incubation of BHK cells with test com-
ponents was carried out in serum-free
Medium 199 buffered with HEPES.
Media, additives and serum were obtained
from Gibco-Biocult Ltd, Paisley, Scotland.
Cell growth.-BHK cells were maintained
at 37°C in 200 ml of growth medium in
1-litre roller bottles rotated at 12 rev/h on a
Belco bottle roller (Belco Glass Corp.,
Vineland, New Jersey, USA). When con-
fluent, the medium was discarded and 5 ml of
trypsin added (0.25% in normal saline). Each
bottle was rotated by hand to wash the cell
layer with trypsin. After 1-5 min the trypsin
was poured off and 50 ml of fresh medium
added. Cells were washed off the inside of the
bottle by swirling the medium rapidly.
Clumps of cells were broken up by pipetting
the suspension rapidly up and down. Finally,
10-ml portions of the cell suspension were
added to fresh bottles each containing 190 rnl
ofgrowth medium. The bottles were replaced
on the roller apparatus and incubated until
the cells were about 90%/ confluent ifrequired
for a transformation assay, or confluent if
required for stock. Stock and experimental
cultures were examined before trypsinization
to check the appearance of the cells. Only
cultures with cells having normal morphology
and growth were maintained or used for
assays. In order to maintain a fairly low
spontaneous transformation frequency, cells
were obtained with a low passage number,
grown to 90% confluency and frozen in liquid
N2. Stock cultures were discarded after about
10 passages and replaced with fresh cells from
the freezer to ensure that spon'baneous
transformation frequency remained within
the limits of the standard deviation of the
historical mean frequency.
Cell freezing and thawing.-Cultures were
incubated in roller bottles until about 90%
confluent. The medium was poured off and
the cells removed by trypinization as de-
scribed previously. Cells were suspended in
20 ml of growth medium, pipetted into a
sterile plastic McCartney bottle, centrifuged
at 50g for 10 min, resuspended in 12 ml of
freezing medium (Dulbecco's modification of
Eagle's medium with 10% calf serum and
10% glycerol), and pipetted in volumes of
1-5 ml into 2-ml Sterilin polypropylene
ampoules. Care was taken to maintain the
correct pH by gassing with CO2 when
necessary. The ampoules were placed in the
freezing attachment of a Union Carbide
liquid N2 freezer for 4 h, following which the
ampoules were clipped on to aluminium
canes, placed in cans and immersed in liquid
N2.
To thaw cells, the ampoule was removed
from the liquid nitrogen refrigerator and
placed in an incubator at 37°C until thawed.
As soon as the cell suspension was thawed,
the ampoule was opened and the contents
pipetted into two 75-cm2 plastic tissue
culture flasks and 20 ml of growth medium
added to each. Cultures were incubated at
37'C until confluent, when the cells were
subcultured into roller bottles.
Com.pond solutions.-Compounds used in
the aya were dissolved in DMSO to give
solutions of the following concentrations:
25 mg/ml; 2-5 mg/ml; 0-25 mg/ml; 0-025 mg/
ml; 0-0025 mg/ml. The volume of stock
solution added to 1 ml of cell suspension was
10 ,ul to give the following concentrations:
250 ,tg/ml; 25 ,tg/ml; 2-5 ,tg/ml; 0-25 jug/ml;
0 025,ug/ml; and a concentrationofsolventof
1%v/v. Replicate cell suspensions were dosed
with each concentration of compound.
Agar.-A solution containing 5%/ Difco
Noble agar (Difco Ltd, West Molesey, Surrey)
in deionized double-distilled water was pre-
pared and dispensed in 10-ml portions while
molten into sterile glass McCartney bottles.
For experiments, the bottles containing the
agar were heated in boiling water until the
agar melted and werekept atthis temperature
until required.
Transformation.-Cells were incubated at
37°C in 200 ml of growth medium in 1-litre
glass roller bottles until about 90% confluent.
At this stage they were trypsinized and
resuspended in Medium 199 at a concentra-
tion of 106/ml. The cell suspension was
distributed in 1-ml portions into sterile
plastic McCartney bottles (Sterilin Ltd,
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Teddington, Middlesex). To each portion was
added 10 ,u ofS-9 mix and 10 ,l ofcompound
solution. The suspension was incubated for
4 h at 37°C in an orbital incubator shaking at
150 oscillations/min. After incubation the
cells were centrifuged at 50g for 10 min and
the supernatant, containing the compound
and microsomes, discarded. Each pellet of
cells was resuspended in 10 ml of growth
medium to which was added 0-625 ml of 5%
agar solution which had been kept molten in
a beaker containing boiling water. The final
concentration of agar in medium was 0-3%.
The cell suspension was mixed thoroughly
but quickly and poured into 25-cm2 Falcon
bottles or 55-mm polystyrene Petri dishes.
The agar was allowed to gel by standing each
culture on a cold surface. When all suspen-
sions had been poured, they were gassed with
the mixture appropriate to the cell type and
incubated for 14-21 days at 37°C. Alter-
natively, if Petri dishes were used, the
cultures were incubated at 37°C in a humidi-
fied CO2 incubator (Hotpack Corp., Phila-
delphia, Pa., USA).
Testing of gaseous compounds
Cultures were incubated at 37°C in 200 ml
of growth medium in 1-litre glass roller
bottles until about 90% confluent. At this
stage they were trypsinized and resuspended
in growth medium at a concentration of
5 x 104 cells/ml and pipetted in 5-ml
volumes into 55-mm plastic Petri dishes
(Falcon, supplied by Gibco Biocult Ltd).
Cultures were kept at 37°C in a humidified
CO2 gassing incubator until about 90%
confluent, at which stage the growth medium
was poured away and replaced with 1 ml
HEPES-buffered Medium 199. To each Petri
dish was also added 10 pl of S-9 mix and
duplicate plates placed in a gassing chamber
(Jobling Laboratory Division, Stone, Stafford-
shire) and the appropriate gas mixture
administered. The chambers were kept in a
constant temperature room at 37TC for 3 h
and then opened in a fume cupboard to re-
move the cultures. The Medium 199 was
discarded and the cells trypsinized for 1-5 min
with 1 ml of trypsin solution. After removing
the trypsin, 10 ml of growth medium was
added to each culture, the cells suspended and
poured into sterile plastic McCartney bottles
to which was then added 0-625 ml of molten
5% agar. The cell suspension was mixed,
poured, gassed and incubated as described
above. The survival assay was carried as
described below.
Gas metering.-The cylinder containing the
gas to be tested was connected to a flow meter
(GEC-Elliott Process Instruments Ltd,
Croydon), which in turn was connected to a
mixing vessel and then to the gassing cham-
ber. A cylinder containing 21% 02 in N2 (Air
Products Ltd, Crewe, Cheshire) was similarly
connected to a flow meter and the mixing
vessel. Rates offlow were adjusted to give the
required gas mixture, which was passed into
the gassing chamber until the air had been
displaced.
Survival assay.-The survival assay was
carried out by taking 50 ,u from each portion
of treated cells, which had been resuspended
in growth medium before the addition of
agar, and dispersing them in a Petri dish
containing 5 ml of growth medium. Cultures
were incubated in a gassing incubator at
37°C until colonies had grown to an easily
visible size (usually about 6-9 days). After
incubation, the medium was discarded from
each culture, the cells washed with Hanks'-
balanced salt solution, fixed for 30 min with
1: 1 methanol: water and stained with
haematoxylin. Colonies were counted and the
survival expressed as a percentage of the
number of control cultures. From the dose
response curves LC50 (concentration produc-
ing 50% lethality) for each compound was
calculated.
Quantitation of transformation.-Cultures
were examined with an inverted microscope
using optics giving a magnification of x 20.
If higher magnifications were used, back-
ground colonies tended to be counted. Back-
ground colonies are small "aborted" colonies,
not exceeding 100 ,um in diameter. From the
dose-response curves for each compound the
number of transformed colonies ( > 500 ,tm
in diameter) was calculated for the LC50 dose.
ResultswerecorrectedtoatheoreticalLCo and
results expressed as numbers of transformed
colonies per 106 survivors. A 5-fold increase
in transformation frequency over control
values was regarded as the minimum require-
ment for a positive result. The spontaneous
transformation frequency of BHK cells (an
average of 72 experiments) was 50 ± 16 per
106 survivors.
This figure for spontaneous transformation
was used for comparison with treated cells,
which were accepted as positive evidence for
560CARCINOGENICITY TESTING IN VITROI6
carcinogenicity when transformation was
more than 250 per 106 survivors.
Transformed control.-Polyoma-transform-
ed BHK-21/C1 13 (PyY) cells or Hela
cells at an initial concentration of 103 cells
per dish were incubated in semi-solid agar.
Failure of colony growth indicated that the
agar was not suitable for a transformation
assay.
Liver post-mitochondrial supernatant (S-9).
-The preparation of the liver microsomal
fraction (S-9, 9000g supernatant) from
Sprague-Dawley rats induced with Aroclor
1254 was as described by Ames et al. (1975).
Frozen (-80°C) S-9 was allowed to thawA at
room temperature, diluted 1: 9 with cofactor
solution, filtered through a 0-45-yum millipore
filter (Millipore (UK) Ltd, London) and kept
in an ice bath until added to the cultures.
Compounds
Nitrosofolic acid and diphenylnitrosamine
were obtained from Dr John Ashby, ICI
Central Toxicology Laboratory. Vinyl
chloride was obtained from ICI Mond
Division.
RESULTS
The results of tests carried out on
nitrosofolic acid and diphenylnitrosamine
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FIG. 1. Survival and transformation of
BHK cells treate(d with nitrosofolic acicl
(0 0*) and diphenylnitrosamine
(A- A).
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FIG. 2. Survival and transformation ofBHK
cells treated with vinyl chloridle gas
( * 0) an(d vinyl chloride solutioin in
DMSO (A - A).
250
50
are given in Fig. 1. Nitrosofolic acid
caused a dose-related increase in the fre-
quency of induced transformants which at
the LC50 exceeded 5 times the spontaneous
transformation frequency. With diphenyl-
nitrosamine no significant increase was
observed.
Vinyl chloride, when tested as a gas
mixed with air, caused a dose-related
increase in transformation frequency (Fig.
2). No increase in transformation fre-
quency was seen when vinyl chloride was
tested as a solution in DMSO. However,
the concentrations of vinyl chloride tested
in solution were not significantly toxic to
BHK cells, suggesting that the concentra-
tion in the cell suspensions was too low to
produce a biological effect.
DISCUSSION
The cell trainsformation assay described
in this study has been shown to be about
9000 accurate in discriminating between
carcinogenic and noncarcinogenic chemi-
cals (Purchase et al., 1976). In their paper
120 compounds were tested using BHK
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cells, WI-38 cells were used separately to
test 107 of the 120 compounds, and Chang
cells were used to test the remaining 13
compounds when the WI-38 cells died
out. The same method was used for the 3
cell types and they were comparable in
their effectiveness indetecting carcinogens.
The results obtained differed in the level of
spontaneous transformation for each cell
type and for few of the compounds tested.
The term cell transformation is used in
this study for the change in cloning ability
of cells in semi-solid agar, and is one of
several criteria used to define malignant
cell transformation in vitro (Macpherson
and Montagnier, 1964). Semi-solid agar
acts as a selective medium, allowing only
those cells which have undergone "trans-
formation" to divide and form colonies.
It is not known what characteristic or
combination of characteristics is selected,
but of the cells capable of growth in semi-
solid agar many are able to give rise to
tumours when inoculated into suitable
hosts under appropriate conditions (Kirk-
land and Pick, 1973; Kirkland, Harris
and Armstrong, 1975; Evans and DiPaolo,
1975). Transformed colonies of BHK cells
in this study were not checked for malig-
nancy by inoculation into animals, be-
cause it was not considered to be impor-
tant in the context of a short-term screen,
besides being impractical if large number
of chemicals are to be tested. The short
duration of cell growth in agar (21 days)
reduces the number of spontaneous trans-
formations.
Mammalian cell mutations usually re-
quire expression time in liquid medium
for the initial mutation event to become
established through cell division. The
transformation assay however does not
appear to require the cells to undergo
expression time in liquid culture before
suspension in semi-solid agar. Many of the
test cells undergo one or more divisions in
agar, since background or aborted colonies
containing a few cells occur in considerable
numbers in semi-solid agar, and this may
be the reason why the expression time is
not necessary. A cell line was chosen in
preference to primary culture because the
cells are already partially transformed by
in vitro growth and have defined growth
characteristics.
The exposure of cells to a carcinogen by
periods of incubation in liquid culture
before suspension in semi-solid agar has
been shown to increase the frequency of
transformation (Bouck and Di Mayorca,
1976). Cells were incubated with the test
compounds at concentrations which were
in the toxic range. Since the duration
exposure was short in relation to the cell
cycle time there was almost no selective
effect. At certain doses, carcinogens caused
an increase in the number of transformed
colonies compared with controls, indi-
cating that even if selection had taken
place there was also transformation
(Umeda and lype, 1973).
Since the 120 compounds tested by
Purchase et al. (1976) varied in their
cytoxicity and ability to transform mam-
malian cells in culture, the data obtained
were fitted to a standardized framework
(a 5-fold increase in the transformation
frequency at LC50 over the spontaneous
frequency) in an attempt to maximize the
discrimination of the test and to compare
thefrequencies oftransformation oftreated
cell populations at equitoxic doses, i.e., a
standard biological end-point. Most non-
carcinogens gave dose-response curves for
transformation frequency well below this
standard, although a few exceeded it at
doses giving less than 1000 survival. Some
compounds which gave "false negative"
results would have been detected as
positive had a higher toxicity level been
selected and the data are presently being
re-analysed to identify the optimum level
of survival in the test. Preliminary results
indicate that 3700 rather than 5000
survival would give greater discrimination
in the test, supporting the work of Strauss
(1971).
Nitrosofolic acid has been shown by
Wogan et al. (1975) to be carcinogenic,
whereas studies by Hashida, Urishibara
and Akiyana (1973) and Innes et al. (1969)
indicate that diphenylnitrosamine is non-
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carcinogenic. Vinyl chloride has been
shown by Viola, Bigotti and Caputo
(1971) and Maltoni et al. (1974) to be
carcinogenic in rodents, and reported by
Creech and Johnson (1974) to be a human
carcinogen. The results obtained with
vinyl chloride were similar to those
reported by Rannug et al. (1974) and
Bartsch, Malveille and Montesano (1975)
with Salmonella typhimurium, where ex-
posure of the test organism to gaseous
vinyl chloride but not to solutions of the
compound gave positive test responses.
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